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SUMMARY 


The  resistive-hose  Instability  Is  one  of  the  most  Important  instabilities  of 
Intense  relativistic  electron  beams  in  the  collision-dominated  background  plasma. 
This  report  examines  the  resistive-hose  stability  properties  for  a self-pinched 
relativistic  electron  beam.  Without  going  through  a lengthy  mathematical  deri- 
vation, previously  known  results  are  recovered  in  a simple  instructive  way. 

This  work  was  supported  by  the  Independent  Research  Fund  at  the  Naval  Surface 
Weapons  Center. 
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In  recent  years,  there  has  been  a considerable  Increase  In  Interest  In  the 
1 2 

equilibrium  * and  stability  properties  of  Intense  relativistic  electron  beams. 
This  Interest  Is  the  result  of  several  diverse  research  programs.  Including 
(a)  research  on  collective-effect  accelerators  , (b)  research  on  hiqh-power 
microwave  generation  , and  (c)  studies  of  electron  beam  propagation  through  a 
neutral  gas  or  background  plasma5  7.  Perhaps  one  of  the  most  Important  In- 
stabilities of  Intense  relativistic  electron  beams  in  the  collision-dominated 
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background  plasma  Is  the  resistive  hose  Instability5,6.  Althouqh  the  theoret- 
ical Investigation  of  the  resistive  hose  instability  can  be  found  In  the 
previous  studies5,6.  It  Is  still  difficult  to  understand  the  physical  mecha- 
nism of  this  Instability  In  a straightforward  manner.  In  this  regard,  this 
paper  develops  a simple  sketchy  description  of  the  resistive  hose  instability 
within  the  rigid  beam  model. 

As  Illustrated  In  Fig.  1,  the  equilibrium  configuration  consists  of  in- 
tense relativistic  electron  beam  with  equilibrium  axial  current  density 
0?(r)  In  a dense  background  plasma.  The  beam  electrons  propagate  along  the 

W A A 

z-dlrectlon  with  axial  velocity  8^c  e^  where  e^  Is  a unit  vector  along  the 
z-dlrectlon  and  c Is  the  speed  of  light  In  vacuo.  As  shown  In  Fig.  1,  we  In- 
troduce a cylindrical  DOlar  coordinate  system  (r,e,z).  The  total  beam 
current  can  be  expressed  as 

rb  " 2TtC  drr  Jb(r)*  (1) 

Moreover,  the  0-component  of  the  Maxwell  equation  for  the  equilibrium  azi- 
muthal magnetic  field 

BS<r>  * - 3r  Ao<r>  <2> 

Is  also  obtained  from 


o) 


where  AQ(r)  Is  the  z-comoonent  of  the  equilibrium  vector  potential.  Deflninq 
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which  represents  the  beam  mass 
to  show  from  Eq.  (1)  that 


per  unit  axial  length.  It  Is  straightforward 
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(4) 


where  q and  Ybm  are  the  charge  and  relativistic  mass,  respectively,  of  beam 
electrons. 

In  the  stability  analysis,  a normal-mode  aporoach  is  adopted  In  which  mil 
perturbations  are  assumed  to  vary  with  time  (t)  and  spatial  coordinates  (r.e.z) 
accordlno  to 


6<j>(x,t)  « <ji(r)expll(e+kz  - wt)l. 

'V# 

Here,  <*>  Is  the  comolex  el oen frequency  and  k Is  the  axial  wavenumber.  The 
perturbed  plasma  current  density  JD(r)  can  be  calculated  from 

Jp(r)  - oEz(r)  » ^2.Az(r) 


(5) 


where  o(r)  Is  the  olasma  conductivity,  and  Ez(r)  and  Az(r)  are  the  z-compo- 
nents  of  the  perturbed  electric  field  and  vector  potential .respectively.  The 
equation  of  motion  for  a plasma  fluid  element  is  given  by 


p ^7  $P  s l (6JP  iz  x B°  Je' 

where  6Jp  * Jp  exp  ( i (0  kz  - a>t)l,  p(r)  is  the  plasma  mass  density,  and 

A 

ea  Is  a unit  vector  alona  the  6-dlrection.  In  the  cartesian  coordinates, 
Eq.  (6)  can  be  expressed  as 


(6) 
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for  the  x-component  of  the  equation  of  motion.  Since  the  eouillbri 
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velocity  of  plasma  fluid  element  is  zero,  it  is  obvious  that 

H2  H2 

p H_  x « L (p  x ), 

»2  P dt2  P*- 


dt 


(«) 


Defining  xp  as  a plasma  mass  per  unit  axial  length,  we  have 


dspx. 


X x 

P P 


where  ds  * drrde  and 


xp  - xp  exo  M (kz  - wt)] 


(9) 


(10) 


is  the  x coordinate  of  the  center  of  mass  for  the  plasma  column.  Since  the 
beam-plasma  system  Is  comoletely  isolated  from  the  outside  world,  we  have  the 
relation 

*-  2?  v - n.  i V <"> 

where 

*b  * *o  exp  l1^kz  ' wt^  02) 

is  the  x coordinate  of  the  center  of  mass  for  the  electron  beam.  Substituted 
Eq.  (5)  into  Eg.  (7),  and  making  use  of  Eqs.  (4),  (8),  (9)  and  (11),  we  obtain 
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Xb  V*b 

- 
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where 


(1  « u - kBbc 


(14) 


Is  the  Doppler  - shifted  eigenfrequency.  In  obtaining  Eq.  (14),  use  has  been 
made  of  dz/dt  * B^c  for  the  electron  beam.  Equation  (13)  is  identical  to  the 
result  obtained  by  Lee®.  Equation  (13)  is  one  of  the  main  results  of  this 
paper  and  can  be  used  to  investigate  stability  properties  for  a broad  range  of 
system  parameters. 
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For  low  frequency  perturbation  satisfying 

«1. 


4troU)R^ 

~T“ 


(15) 


a closed  expression  of  the  dispersion  relation  Is  obtained  from  Eq.  (13).  In 
Eq.  (15),  Rb  Is  the  effective  beam  radius.  As  Illustrated  In  Fig.  2,  we  assume 
that  the  electron  beam  Is  displaced  along  the  x-dlrectlon  with  the  displaced 
segment  x^.  Assuming  that  the  displaced  segment  xfe  Is  Inflnltlsmally  small, 
we  can  express  the  displaced  current  density  Jb(r)  as 

J„(r)  . ojf  I («-;„)*  ♦ yV/il  ■ jj(r)  - *6  ,,6) 


from  Fig.  2.  Therefore,  the  perturbed  current  density  of  the  electron  beam  Is 
given  by  _ - rs  ^ t dA. 


Jbz  " fe  Xb  Hr  [f  Hr  (r  H?)]  • 


(17) 


where  use  has  been  made  of  Eq.  (3). 

In  lowest  order  consistent  with  Eq.  (15),  the  z-component  of  the  perturbed 


vector  potential  A^(r)  Is  calculated  from 


3t[f  i?K)]  ' - T j6z 
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thereby  giving  the  solution 
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which  Is  a typical  examole  of  a rigid  displacement  of  an  electron  beam  . Sub- 
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stituting  Eq.  (19)  Into  Eo.  (13)  oives  the  disoersion  relation  of  the  resistive 
hose  Instability 


2 2 
— n ■ 

where  the  product  of  the  magnetic  decay  time  tg  and  the  effective  betatron 
frequency-squared  Is  defined  by 

vl- 


(20) 
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Equation  (20)  has  been  first  derived  by  Rosenbluth^.  Instability  is  clearly 
indicated  by  the  low-frequency  dispersion  relation  in  Eq.  (20).  For  example, 
if  u Is  positive  and  real,  then  Eq.  (20)  qives  the  unstable  and  damped  pair 
of  roots, 

fl/wg  « *(wtb)1/2|(1-1)/21/21.  (22) 


Additional  stability  properties  associated  with  Eq . ( 20)  are  discussed  in  Ref.  6. 

Finally,  we  conclude  this  paper  by  comparing  this  beam-plasma  system  with 
a monkey  on  a banana  tree.  As  shown  in  Fig. 3, the  monkey,  banana,  and  banana 
tree  correspond  to  the  beam  electrons,  the  axial  kinetic  energy  of  the  beam 
and  background  plasma,  respectively,  in  the  beam-plasma  system.  However,  by 
slowly  consuming  the  bananas,  the  monkey  qains  the  energy  and  shakes  the  tree. 
The  bending  stiffness  of  the  banana  tree  corresponds  to  the  resistivity  of 
background  plasma  (l/o).  Me  therefore  conclude  that  the  energy  source  of  the 
resistive  hose  Instability  is  the  axial  kinetic  energy  of  the  beam. 
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FIGURE  3 BANANA  TREE  WITH  MONKEY  IN  ANALOGY  OF  A BEAM-PLASMA  SYSTEM 
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